[1] We apply turbulence analysis techniques to high-frequency (16 Hz), high-resolution (1.5 mm pixels) thermal infrared images to analyze spatial and temporal scales of mixing between discharging hot spring water (∼60°C) and a stream (∼10°C) at Breitenbush Hot Springs, Oregon. Optical flow velocimetry of the images provides insight to the transient two-dimensional flow fields of the plumes; correlation of these data sets through space and time indicates the timescales and length scales of turbulent structures within the mixing fluids. We positioned the 7.5 cm diameter discharge pipe so that hot spring water exited along either the surface or bottom of the 15 cm deep stream, conditions hereafter referred to as "shallow" or "deep." During shallow discharge, hot water exits as a jet with length scales of ∼15 cm. During deep discharge, hot water reaches the surface as a region with ∼15 cm length scale ∼20 cm downstream of the inlet. The average temperatures and ratio of thermal variation to turbulent timescale provide a measure of mixing intensity and a means of comparing mixing rates throughout the region of interest. Lateral mixing at the surface dominates during shallow discharge, whereas the most efficient mixing during deep discharge occurs beneath the surface. The largest eddy diffusivities in both scenarios occur downstream of the jet and rising plume, suggesting that those structures must break apart for efficient mixing to occur. The coupled use of thermal imaging technology and optical velocimetry permits quantitative analysis of turbulent mixing in the field at a level of detail rarely achieved.
Introduction
[2] Turbulent mixing occurs in many environmental settings where two fluids interact. Volcanic eruption columns turbulently mix with and entrain air to rise buoyantly above the tropopause [e.g., Sparks, 1986; Patrick, 2007; Sahetapy-Engel and Harris, 2009] ; black smokers on the seafloor turbulently discharge hot, sulfide-mineral supersaturated fluids into cold seawater, resulting in rapid cooling of the discharged fluid, local deposition of minerals, and conditions supportive of chemosynthetic bacteria [Lupton et al., 1985; Winn et al., 1986; Baker and Massoth, 1987; Rona et al., 1991; Bemis et al., 2002; Crone et al., 2006; Rona et al., 2006] ; discharge from industrial plants can generate compositional and thermal plumes that extend for 100s to 1000s of meters downstream [Chen and MacDonald, 2006; Alameddine and El-Fadel, 2007] . The turbulent transfer of scalar and vector quantities, such as heat, concentration, or momentum, reduces gradients in those quantities much faster than diffusive processes alone, and thus turbulence enhances mixing and controls the rates at which a mixing plume spreads and/or dissipates [Sparks, 1986; Deen, 1998; Colomer et al., 2001; Bemis et al., 2002; Bernard and Wallace, 2002; Jirka, 2004 Jirka, , 2007 MacDonald and Geyer, 2004; Kaminski et al., 2005; Chen and MacDonald, 2006; Rona et al., 2006; Jones et al., 2007; Patrick, 2007] . Consequently, understanding the turbulent mixing processes in a particular system is important for accurate predictions of the evolution of that system through space and time. To properly characterize the turbulent processes in a system, observations that describe time averaged properties as well as the magnitudes, length scales, and timescales of turbulent fluctuations are required [Bernard and Wallace, 2002] .
[3] Although a substantial body of work describes turbulent mixing in laboratory settings and numerous analytical and numerical models provide solutions for turbulent mixing problems, comparatively little work describes those same processes in the field [e.g., Colomer et al., 2001; MacDonald and Geyer, 2004; Jessup and Phadnis, 2005; Crone et al., 2006; Patrick, 2007; Veron et al., 2008; Sahetapy-Engel and Harris, 2009; Andrews and Gardner, 2009] . Instead, because of the historical difficulty in making high-frequency, high spatial resolution measurements of temperature and velocity in the field, laboratory-derived models of turbulent processes are used to explain field observations of time-averaged quantities [e.g., Jirka, 2004; Kaminski et al., 2005; Chen and MacDonald, 2006; Rona et al., 2006] . That approach seems reasonable, but can require knowledge of the type of turbulent model to apply to the observations, for example momentum versus buoyancy driven mixing models [Colomer et al., 2001; Jones et al., 2007; Patrick, 2007] ; simplifications within those models may obscure or ignore the significance of transient fluctuations in temperature or concentration. Recent work suggests that mixing rates can change through time and space, and control downstream plume growth [Patrick, 2007] . Numerical models provide an alternative method for predicting complex mixing behaviors [e.g., Alameddine and El-Fadel, 2007; Jirka, 2007; Suzuki and Koyaguchi, 2009] , but in many instances we lack observations of natural systems that can be compared with the models' predictions. What is required for a more thorough understanding of these systems are high spatial resolution time series observations of the mixing regions collected at frequencies greater than the dominant frequency of turbulent fluctuations. Ideally those observations should include measurements of the turbulent velocity field. [4] Research by Jessup and Phadnis [2005] and Veron et al. [2008] has demonstrated that high spatiotemporal resolution thermal infrared video may be used to quantify turbulent surface processes of the ocean. In particular, particle image velocimetry (PIV) techniques can track breaking waves and quantify the surface overturn rate [Jessup and Phadnis, 2005] and calculate surface vorticity and divergence fields [Veron et al., 2008] . These studies, however, did not focus on mixing, and thermal variations throughout the studies systems were quite small (<1°C as compared with variation of >30°C in hydrothermal systems or 100s°C in volcanic systems). [5] In this paper we use thermal video to describe the effects of discharge conditions on turbulent mixing between water discharged from a hot spring into a cold stream at Breitenbush Hot Springs, located in the North Central Oregon Cascades, north of Santiam Pass (Figure 1 ). In particular, we describe time-averaged parameters and statistical characterizations of the timescales and length scales of mixing as functions of position and time. We address several methods of calculating and displaying spatial variations in timescales and length scales. From the infrared video we are also able to calculate the turbulent velocity field through time, which permits calculation of vorticity and upwelling through space and time. Together, those observations provide a means of estimating the mixing rates and intensity, turbulence intensity, local Reynolds stresses, and eddy diffusivities. Our results show the near-source differences in turbulent mixing between buoyant plumes injected at the surface and at depth. average temperature of 84°C [Ingebritsen et al., 1992] . The hot springs are developed as a resort, and much of the spring water is captured in pools for bathing. Those pools drain through pipes into the local streams. Our work examines the mixing between ∼60°C water discharging from a 7.5 cm diameter pipe into a small, ∼10°C stream. That pipe can be positioned so that hot spring water discharges along the stream surface or along the 15 cm deep streambed, conditions hereafter referred to as shallow and deep. The pipe discharges in the same direction as streamflow immediately downstream from a curve in the channel; that bend results in the streamflow being directed along the left side of the channel (Figure 1 ). [7] Thermal observations were collected with a FLIR Instruments ThermaCAM SC-640 infrared video camera. The instrument collects 640 × 480 pixel images at a rate of 16 frames per second and has a temperature resolution of ∼0.1°C. The camera measures the infrared emission of the surface of the stream and thus provides a time series record of the stream surface temperature (Figure 2 ). The sizes of pixels were scaled using the 7.5 cm discharge pipe and an optical light image with a measuring tape for scale; pixel sizes are 0.15 × 0.1 cm. Data were collected continuously for each discharge condition for a minimum of 37.5 s.
[8] The time series for each exit condition comprises a series of temperature fields or images. To facilitate data processing, temperature fields were rotated such that the discharge was from left to right, and the images were then cropped to 500 × 200 pixels in the streamwise and cross-stream directions. The cropped temperature fields thus sample a region 75 cm long and 30 cm wide, with the discharge occurring along the horizontal centerline of the field of view.
[9] Thermal length and timescales were calculated using autocorrelation techniques developed for turbulence analysis [Bernard and Wallace, 2002] . Values of 1 indicate perfect correlation, whereas values of −1 indicate perfect anticorrelation. The timescales and length scales indicated by the correlations provide a statistical measurement of the turbulence, i.e., the time it takes the largest turbulent structures (eddies) to transit a particular pixel and the size of that turbulent eddy. Autocorrelation as a function of time, R t (t), was calculated for each pixel using
where t is the lag time for which the correlation is calculated; n is the number of correlation pairs of the appropriate lag time in the interval t o to t f , the final time in the series; T i , and T i+t are the temperatures at times i and i + t; and T avg and T var are the average and variance of the temperature series. The results of those calculations can be plotted to show temperature correlation as a function of lag time; typically correlation falls rapidly from 1 at zero lag time to values that oscillate near zero (Figure 2 ). To visualize the time autocorrelation fields, we define a zero-correlation time for each pixel as the shortest time at which correlation equals zero; those times may then be plotted to show thermal timescales as a function of position. Those zerocorrelation timescales are similar to the integral timescales calculated from longer turbulent time series [Bernard and Wallace, 2002] .
[10] Autocorrelations of temperature as functions of distance and position were calculated for each pixel r o using
where r is the lag distance for which the correlation is calculated; n is the number of correlation pairs of the appropriate lag distance in the domain r o to r f , the edge of the temperature field; T ro and T ro+r are the temperatures at positions r o and r o + r; and T avg and T var are the average and variance in tem- perature over the domain. In those calculations, the correlation domain includes all pixels within 15°of the streamwise or cross-stream direction, denoted by R s and R c , respectively ( Figure 3) ; this 30°arc over which correlations are calculated ensures that the calculation captures streamwise and cross-stream structures even if the flow is not perfectly aligned with the field of view. Note that those spatial correlation fields can be calculated for each frame in the time series, and that an ensemble length scale field may be generated by averaging length scales from each frame. Similar to the autocorrelation timescales, we define a zero-correlation distance for each pixel as the shortest distance at which the spatial correlation falls to zero; these length scales are similar to the integral length scales calculated for larger domains [Bernard and Wallace, 2002] .
[11] Velocity fields were calculated for each image using the program Open PIV (U. Shavit et al., OpenPIV: Open Source Particle Image Velocimetry, available at http://www.openpiv.net). OpenPIV velocities were validated for an isothermal flow using an Acoustic Doppler Velocimeter (ADV) and video camera at University of California Richmond Field Station; the velocities as measured with OpenPIV were within 10% of those measured by ADV and, importantly, turbulent fluctuations in velocity were captured by both measurement techniques. Velocity fields were calculated on a grid with a spacing of 8 pixels, and each velocity point was calculated over a 32 × 32 pixel region. It is important to note that the velocity fields calculated from the infrared images measure the turbulent velocities of temperature gradients on the surface of the stream, thus spurious velocities may be measured in regions with little thermal variation and no mixing, whereas more accurate velocities will be measured in mixing regions (with steeper thermal gradients and transient turbulent structures).
[12] Calculation of the turbulent velocity fields permits calculation of upwelling rates and vorticity fields, and thus provides a means of quantifying turbulent convection and mixing. Upwelling gradients were calculated from velocity gradients using the Boussinesq approximation and continuity equation
Where u and v are the instantaneous streamwise and cross stream velocities, w is the instantaneous vertical velocity, x and y are in the streamwise and cross-stream directions, and z is the vertical direction (increasing upward). Note that negative valued upwelling gradients correspond to local upwelling and positive values correspond to local downwelling. Vorticity, w, was calculated for each pixel using the curl of the surface velocity field:
Positive vorticities indicate anticlockwise rotation, whereas negative vorticities indicate clockwise rotation.
[13] We define mixing as the proportion of hot spring water within a given volume, and use the magnitude and timescale of thermal variation to describe mixing rate. We calculate the proportion of hot spring water using the discharge and stream temperatures of 60°C and 10°C, respectively, thus water with a temperature of 35°C contains 50% hot spring water, whereas a temperature of 20°C indicates 20% spring water. Pixels that record highmagnitude, high-frequency variation are sites of high mixing intensity as compared with pixels that record low-magnitude, long-timescale variation.
Results

Descriptions of Temperature Series
[14] The plumes generated under both discharge conditions are characterized by cross-stream length scales of approximately the pipe diameter at the source that increase to ∼4 diameters at a downstream distance of ∼9 pipe diameters. The magnitude and frequency of temperature fluctuations are greatest near the discharge pipe where small energetic eddies form at the interface between discharging and stream waters. Those fluctuations decrease downstream as the two waters homogenize and turbulent structures grow in size. Under both discharge conditions, discrete structures can be traced as they move from the source through the entire field of view; as those structures are advected through the plume, they deform and twist to one side or the other as mixing progresses (Animation S1 in the auxiliary material).
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[15] Under shallow discharge, the exiting jet of hot spring water oscillates rapidly from one side of the pipe to the other (Figure 4 ). Regions to either side of the jet are quiescent. At a distance of about 40 cm downstream of the source, the mixing plume occupies the entire field of view. The magnitudes of temperature fluctuations decrease from ∼50°C at the source to typical values of <10°C 75 cm downstream. The lateral boundaries of the mixing plume are well defined, relatively stationary through time, and grow approximately linearly with distance from the source. Regions of apparent upwelling occasionally appear in the mixing plume; the streamwise length scales of these structures are similar to the largest eddies in the mixing plume.
[16] The average temperature field for shallow conditions, calculated over 37.5 s, displays a nearly symmetrical jet-like signal with source temperature of 60°C (Figures 4 [17] Hot spring water discharged under deep conditions reaches the surface at a position displaced 5-10 cm downstream from the pipe ( Figure 6 ). Temperature time series of the source region show buoyant eddies ∼5-10 cm across that "boil" up and are subsequently advected downstream. As eddies move downstream, their cross-stream length scales increase substantially, but their streamwise lengths remain relatively constant. For example, individual structures can be traced from the source, where they are roughly equant and ∼5 cm across, to distances of >50 cm downstream where they measure ∼20 cm in the cross-stream direction but remain ∼5 cm long. Surface temperatures fluctuate in the source region by as much as 50°C, whereas at distances of 75 cm downstream the fluctuations are typically <10°C. Regions of upwelling are most apparent in the source region.
[18] The average deep temperature field, calculated over 52.5 s, shows a radial decay from a 48°C point source displaced ∼10 cm downstream from the pipe (Figures 6 and 7 ). The field is stretched in the streamwise direction reflecting advection by the background stream flow. Temperatures decay approximately exponentially with distance from the point source. The area enclosed by the average 50% mixing contour extends from 5 to 37 cm from the pipe, and is broadest at a downstream distance of ∼25 cm. The standard deviation field of temperature is highest in a U-shaped region that roughly corresponds to the upstream edge of the 50% mixing contour and partially encloses the source region (Figures 6 and 7) . The largest variations occur on the left side of this structure, ∼14°C, whereas the standard deviations in the center and to the right of the source are ∼7.5-8.5°C.
Thermal Timescales
[19] Zero-correlation timescales of temperature variation under shallow discharge conditions show significant variation with position ( Figure 8 ). The zero-correlation timescale field has local minima of <0.5 s to either side of a ∼1.5 s local maximum corresponding to the exiting jet. The timescales increase with distance through the rest of the field and are broadly symmetrical about the plume center.
[20] Timescales during deep discharge condition increase systematically with distance from the upwelling source ( Figure 8 ). The shortest correlation timescales, <0.25 s, occur within a band surrounding the upstream edge of the source region. Timescales rapidly increase in the cross-stream direction and more gradually in the streamwise direction.
Thermal Length Scales
[21] Streamwise spatial correlations of the shallow temperature fields vary strongly with time and position ( Figure 9 ). The region extending 15-25 cm downstream from the discharging pipe is distinguished by zero-correlation length scales of >10 cm, whereas to either side of the pipe, the length scales decrease to <1 cm; this structure is the signature of the discharging jet. At distances greater than 15-25 cm from the pipe, the coherent structure breaks apart and length scales become very sensitive to time and position as discrete structures with locally elevated length scales transit the field of view. Steep gradients in length scale bound those structures and also appear along the plume margins, likely indicating locally intense mixing as regions of colder water are engulfed by the hot water of the plume.
[22] During shallow discharge, the cross-stream zero-correlation thermal length scales vary significantly with position, but show some common features through time (Figure 9 ). At the upstream edge of the field of view, the cross-stream length scales show the jet core persisting to 15 cm from the inlet. Beyond 15 cm, the long length scale region abruptly broadens to ∼15 cm in the crossstream dimension. Within that region, the length scale is typically ∼10 cm along the center of the plume and up to 18 cm along the right side. Beyond 30 cm from the source, the systematic asymmetry of the length scale field vanishes and the coherent signal of the plume starts to break apart as regions with cross-stream length scales <2 cm penetrate from the margins of the plume through the centerline. As the downstream distance further increases, the maximum length scales decrease to ∼10 cm, and regions with short length scales are increasingly present in the core of the plume. Broadening of the profiles with distance is consistent with increased entrainment of ambient fluid in the downstream direction and cross-stream advection of thermal and kinetic energy. Eddy diffusivities show some similarities in structure and are both several orders of magnitude greater than the molecular diffusivites, but the thermal diffusivity is frequently up to 2 orders of magnitude greater than the momentum diffusivity. The best agreement between thermal and momentum diffusivities occurs in regions with fluctuations in temperature >10°C.
[23] Streamwise length scales of the temperature field under deep discharge conditions also vary with time and position ( Figure 10 ). The signal of the upwelling plume is highly variable, but a structure 6 cm or greater in width usually extends 15 cm or more downstream from the center of the upwelling plume. Length scales within that structure typically range from 7.5 to 15 cm, and the structure is bounded by steep lateral gradients where the length scales fall to <2 cm. The width of the structure and the position of its upstream margin vary greatly through time as the position of the upwelling plume changes. At distances greater than ∼25 cm, the plume structure breaks apart as regions with length scales up to 18 cm transit the field. Length scales within the ambient stream are often >15 cm, indicating a homogeneous thermal structure.
[24] Cross-stream thermal correlation scales of the deep temperature fields show some common structures through time (Figure 10 ). At the center of the upwelling plume, the length scales are typically 4-6 cm, and ∼5 cm to either side of the upwelling plume, the scale increases to ∼10 cm. The longest length scales, >15 cm, are almost always measured at downstream distances of 20-50 cm and near the right side of the field of view; moving left from those positions, the length scales linearly decrease to <2 cm at the plume margins. The position of those large length scales results from the plume occupying the right side of the field of view, whereas the magnitudes of the length scales reflects the size of the buoyant plume and the large eddies shed from its downstream margin.
Velocity Fields
[25] Velocity magnitudes during both discharge conditions range from 0 to >20 cm s −1 and flow is directed essentially downstream; almost no transport occurs in the upstream direction (Animation S2). The highest velocities are typically measured near the centerline of the flow at distances of 20-30 cm from the source. Local gradients in velocity can be steep, >0.3 s −1 , particularly in the cross-stream direction. The magnitudes of gradients in the vertical component of velocity dw/dz are <4 s . Because z increases in the up direction, negative values of dw/dz correspond to upwelling regions.
[26] The velocity field for shallow discharge is characterized by an unstable region of high velocity extending ∼30 cm downstream from the source (Figure 11 ). Transient velocities with magnitudes up to 18 cm s −1 directed dominantly downstream are measured within that region, but those high velocities do not occur as long-lived stationary structures but instead dissipate within about 1 s. High-velocity structures within that region are typically <20 cm in length and <10 cm in width, but the sizes and orientation of the high-velocity structures fluctuate such that structures elongate in the cross-stream direction also appear. Upwelling is generally focused in cross-stream oriented bands. Those structures are more closely spaced and have greater magnitudes, up to 10 s [27] The average velocity field during shallow discharge is roughly symmetrical about the centerline of the plume (Figures 5 and 11) . The highest velocity magnitudes, ∼14 cm s , whereas mean velocities are >6 cm s −1 and are directed ∼15°a way from the downstream direction at positions to either side.
[28] The highest magnitude velocities during deep discharge conditions occur in transient structures that originate 5-10 cm downstream of the center of the upwelling plume (Figure 14) . The maximum magnitudes within those structures are typically 6-8 cm s −1 , but occasional regions with velocities >10 cm s −1 are observed. Those high-velocity structures are commonly ∼10 cm across and equant in shape, although larger and elongate structures also occur. The largest region of upwelling, with magnitude of ∼3 s −1 , is near the plume center. Transient regions of upwelling and downwelling form bands elongate in the cross-stream direction that typically have similar magnitudes, but can be as great as 8 s −1 .
[29] During deep discharge the average velocity field is symmetrical about the centerline of the plume (Figures 7 and 12) . The highest magnitude velocities, ∼7.2 cm s −1 , are measured immediately downstream from the buoyant source, and velocity remains essentially constant through the field of view. Local velocities are oriented nearly radially from the source region, such that near the source, flow can be rotated more than 45°from the downstream direction, whereas at distance of ∼60 cm from the source, velocities are rotated up to 20°. Velocity magnitude decreases as flow is rotated past ∼45°f rom the streamwise direction in the source region.
Velocity Timescales
[30] Zero-correlation timescales of the velocity field during shallow discharge show a simple structure with shorter timescales generally along the centerline and longer scales along the margins of the mixing plume (Figure 13) . Correlations of the streamwise velocity component show the longest timescales at the end of discharging jet, >2 s at a distance of ∼15 cm from the source. Downstream from the jet, timescales along the centerline are generally ≤1 s, with the shortest timescales, <0.25 s, occurring ∼35 cm from the inlet. Streamwise velocity [31] During deep discharge, the velocity timescales show systematic variation reflecting upwelling and downstream advection of the buoyant plume (Figure 14) . Timescales of the streamwise component of velocity are shortest, <0.25 s, where the plume surfaces and along its upstream margins.
To either side of the rising plume, timescales are approximately 0.5 s. Timescales increase with downstream distance. The cross-stream zerocorrelation timescales have similar features, with the longest timescales, >2 s, along the plume margins at distances of 30-40 cm from the source (∼20-30 cm from the center of the upwelling plume).
Velocity Length Scales
[32] Streamwise correlations of the streamwise velocity field during shallow discharge (not shown here) display a 10-15 cm wide region extending 20-30 cm from the inlet in which length scales are typically <12 cm. At the downstream end of this structure, streamwise oriented structures <10 cm across appear with length scales of 15-25 cm. Length scales to either side of the jet are typically >20 cm. Streamwise correlations of the crossstream velocity show little structure through time, although occasionally the signal of the jet manifests as a 6-10 cm wide region with length scales up to 20 cm extending up to 20 cm downstream from the source. The centerline of the mixing plume is apparent in cross-stream correlations of the streamwise velocity as a narrow region with 5-7 cm length scales bounded on either side by regions with length scales of 10-15 cm. The plume margins are marked by steep gradients where the length scale decreases to <2 cm. In cross-stream correlations of the cross-stream velocity, the centerline of the plume appears as a band with length scales of <4 cm; the length scale increases systematically to either side of the centerline to maximum values of 15-18 cm.
[33] During deep discharge, streamwise correlations of the streamwise velocity display a broad region of length scales <10 cm extending 25-30 cm from the upstream edge of the field (not shown here). At downstream distances greater than ∼30 cm, streamwise-oriented structures with length scales up to and exceeding 15 cm are occasionally present. The longest streamwise length scales of the crossstream velocity occur in the ambient streamflow along the right margin of the field of view. Crossstream correlations of the streamwise velocity show the centerline of the plume as a region with 5-8 cm length scales bounded by longer length scales (up to 12-15 cm); the plume edges are marked by steep gradients in length scale. Cross-stream length scales of the cross-stream velocity are typically <4 cm along the plume centerline and systematically increase away from the centerline. 
Reynolds Stress Fields
[34] The Reynolds stress fields provide a means of visualizing the lateral turbulent momentum flux through time. We calculate instantaneous Reynolds stresses, t Re , using [Chen and MacDonald, 2006] Re ¼ u′v′ where r is the density of water and u′ and v′ are the fluctuating components of velocity, calculated as the difference between the instantaneous and timeaveraged velocities.
[35] Instantaneous Reynolds stress fields during shallow discharge are characterized by the advection of 3-10 cm structures with magnitudes typi- [36] During deep discharge conditions, small regions of elevated Reynolds stress (40-80 Pa) are advected downstream from the plume margins through a nearly zero-Reynolds stress field (Figure 16 and Animation S3). The time-averaged field is characterized by a region of negative Reynolds stress along the center and left sides of the upwelling plume and a region of positive Reynolds stress that extends downstream the upwelling plume through the field of view (Figures 7 and 16 ). The magnitudes of stresses where the plume surfaces are typically ≤10 Pa, whereas the stress magnitudes can exceed 20 Pa at positions downstream and along the right plume margins (Figure 7) .
Vorticity Fields
[37] The vorticity field of the shallow system is dominated by the effects of the discharging jet and is roughly symmetrical about the centerline , occur on either side of the jet at a distance of ∼12 cm from the source; the vorticities decay to near zero through the rest of the field.
[38] During deep discharge conditions the highest vorticity structures in the field generally have magnitudes of 5-6 s −1 and generally occur along the margins of the upwelling plume (Figure 16 and Animation S4). Vortical structures in the field are typically <15 cm long and <5 cm wide, and are aligned with the flow direction. Time series show that those structures are advected downstream, with lesser cross-stream transport; structures can merge or bifurcate to form new structures. The timeaveraged vorticity field during deep discharge is 
Eddy Diffusivities
[39] Eddy diffusivities describe the effects of turbulence on the transport of momentum and thermal energy through the mixing fluid. Because the discharging hot water mixes turbulently with the cold stream water, turbulent, rather than diffusive, processes govern the transfer of momentum and thermal energy between the two fluids. Eddy diffusivities are typically 3-4 orders of magnitude higher than the molecular thermal diffusivity or kinematic viscosity [Deen, 1998 ]. We calculate the thermal eddy diffusivity, " T , as
where hv′(T − T avg )i is the time-averaged product of the fluctuating cross-stream velocity and temperature anomaly, h∂T/∂yi is the time-averaged cross-stream temperature gradient [Deen, 1998 ]. We calculate the momentum eddy diffusivity, " M , as
where hu′v′i is the time-averaged product of the fluctuating components of streamwise and crossstream velocity [Deen, 1998 ].
[40] The calculated eddy diffusivities of the shallow discharge field shows the structure of the jet and mixing plume and are up to 4 orders of mag- . In the core of the plume, the thermal eddy diffusivity is 10 −5 to 10 −4 m 2 s −1 . The structure of the momentum eddy diffusivity field shows the signal of the jet as well as the plume margins, and the eddy diffusivity is ∼10 −4 to 10 −5 m 2 s −1 in both regions. Along the centerline of the mixing plume, the momentum diffusivity is lower: 10 −7 to 10 −5 m 2 s −1 . Cross-stream profiles show some correlation of elevated eddy diffusivities with plume structure (Figure 5 ).
[41] During deep discharge, the eddy diffusivity fields show enhanced heat and momentum transport downstream of the upwelling plume (Figures 7  and 18 . Cross-stream profiles indicate elevated eddy diffusivities correlate with the thermal and velocity structure of the plume (Figure 7 ).
Discussion
Comparison and Evaluation of Thermal and Velocity Field Characterizations
[42] Turbulent structures within the mixing plumes transport both heat and momentum away from the inlet pipe. As a result, comparisons of the thermal and velocity timescales and length scales should approximate one another during each discharge condition and provide an internal means of evaluating the accuracy of the velocity field measurements and the correlation timescales and length scales [Deen, 1998] . Disagreement between the different scales may indicate regions where the local thermal and velocity fields should be evaluated before using the velocity field to calculate other parameters.
[43] Qualitatively, the structures of the thermal and velocity timescale fields are similar: timescales are typically short immediately downstream from the plume sources, and increase in the downstream and cross-stream directions. An important difference between the timescales, however, is that the velocity timescale fields are often more poorly organized and structures are less well developed than in the thermal timescale field; this difference most likely results from the coarser spatial resolution of the velocity data. [44] In comparing length scales, we will focus on the streamwise correlations. In general, streamwise correlations of the temperature field and crossstream velocities agree and show similar structures, although length scales calculated from the velocity field are often smaller than those from the temperature field. The streamwise velocity field correlations do not show long length scales near the source region, likely reflecting poorer characterization of velocity at the source, but do show agreement with thermal length scales further downstream. As with comparisons of the different timescales, the thermal length scale field varies more smoothly through space than the velocity length scales.
[45] The relationship u = L/t provides a means of predicting the average velocity field from length scales, L, and timescales, t [Bernard and Wallace, 2002] . This expression also provides a method of evaluating the fidelity of velocity measurements. Average velocity fields calculated from the temperature field timescales and length scales show the same structure as the velocity fields generated with OpenPIV, but the magnitudes of the predicted velocities are up to twice as large as the measured values. This holds for calculations made with either the streamwise or cross-stream correlation length scales. Predictions of the average velocity field made using the velocity timescales and length scales, on the other hand, predict the appropriate magnitude average velocities in regions downstream of the jet or rising plume, but predict obviously wrong velocities in excess of 10 m s −1 near the discharging pipe.
[46] The differences between the timescales and length scales can be explained several ways. First, discrepancies near the source region likely reflect inaccurate characterization of the velocity field. Inaccuracies in the velocity field near the source are not unexpected, as the velocities are calculated from temperature differences that transit the field and no such differences appear in effectively isothermal regions of the jet. Second, the method we use to characterize the timescales and length scales approximates integral scales of turbulence, but most likely overestimates those scales (particularly the length scales), thus estimates of velocity generated from the timescales and length scales are too high. The timescales are most likely more robust because at a given position, a greater number of correlation pairs are averaged for each lag time than are averaged for each lag distance, moreover, the temperature values are measured quantities, whereas the velocities are derived. Third, the velocity fields are calculated with 1/8th the spatial resolution of the thermal fields, thus correlations of the velocity fields are inherently rougher than those from the temperature fields. Together, these points indicate that care should be taken in using the velocity fields to generate other descriptors of the mixing processes (e.g., vorticity, Reynolds stress, and eddy diffusivities).
Characterizing Mixing Processes
[47] Describing where mixing occurs and its intensity is required for understanding and quantifying mixing processes. Here we evaluate several techniques for quantitatively describing the spatial variation in mixing intensity and rates. No single method discussed below fully describes mixing processes, but together these methods provide a comprehensive description of mixing processes as a function of position and elucidate those processes with regard to structures within the flow.
[48] Mixing in the Breitenbush system occurs as cold stream water is engulfed by eddies of hot water discharged from the inlet pipe. Because those eddies transit the field of view, regions with intense mixing should be expected to have large fluctuations in temperature as hot and cold waters alternately occupy a given position. Together, the magnitude and frequency of thermal variation thus describe mixing intensity at any given location. The standard deviation of temperature, s T , quantifies the magnitude of thermal variation but lacks information on frequency. The zero-correlation thermal timescale, t, on the other hand, describes temporal variation but is not sensitive to magnitude. The ratio of these two descriptors, however, can be used to define a mixing intensity where DT is the difference between the hotspring and stream temperatures, 50°C. This intensity allows comparisons of the rate at which the plume and stream mix throughout the entire field of view; I mix −1 is an estimate of how long it would take a volume to become well mixed. Figure 19 shows that during shallow discharge, although there mixing is most intense to either side of the jet, particularly along the left side where mixing rates exceed 0.1 s [49] Spatial variations in Reynolds stress and vorticity provide a second means of examining variation in mixing intensity with position. These parameters provide descriptions of rotation and momentum transfer such that regions with high average Reynolds stress and vorticity should indicate high mixing intensity. The time-averaged Reynolds stress and vorticity fields indicate lateral mixing along both margins of the shallow mixing plume with stresses directed away from the plume centerline. As downstream distance increases, the widths of the mixing zones increase and the stress magnitudes within those zones decrease. During deep discharge, the time-averaged fields indicate that the most intense mixing occurs in a region encompassing the center of the rising plume and its upstream and left margins. Within that region, the Reynolds stresses are directed generally away from the plume, consistent with advection of anticlockwise rotating eddies along the left plume margin. Notably, the cross-stream integral of Reynolds stress within either side of the centerline remains approximately constant with distance from the source during both mixing scenarios, suggesting conservation of turbulent kinetic energy.
[50] Last, the eddy diffusivities quantify the extent that turbulence within the plume has increased cross-stream transport of momentum and heat. As expected, the momentum eddy diffusivities are greatest along the margins of the mixing plumes where other measurements have predicted the most intense mixing to occur. The highest thermal eddy diffusivities during both shallow and deep discharge are downstream of regions with high Reynolds stress and vorticity. The greatest thermal eddy diffusivities occur where the jet breaks apart during shallow discharge and along the downstream edge of the buoyant plume during deep discharge.
[51] Assessing the relative importance of vertical mixing during both discharge conditions is difficult, primarily because the field of view is restricted to the region near the inlet. Some mixing certainly occurs between the surface layer and the underlying stream, as evidenced by cross-stream oriented upwelling and downwelling structures, and vertical mixing is very important during deep discharge [Jirka, 2007; Jones et al., 2007] . We can estimate the thickness of the surface layer by the thermal flux from the discharging pipe and by the product of the mean velocity and temperature fields. The resulting thickness is 1-2 cm for most of the field of view during both shallow and deep conditions, and the plumes cover essentially the stream at the downstream edge of the field of view. We expect that vertical mixing becomes increasingly important as the plumes grow to occupy the entire stream surface [e.g., MacDonald and Geyer, 2004; Jirka, 2007; Jones et al., 2007] . Additional observations downstream would provide a means of quantifying vertical mixing, as lateral mixing would have little expected effect on temperature.
Origin of Different Mixing Patterns
[52] The techniques discussed in this paper provide a means of analyzing turbulent mixing processes using digital infrared thermal video. Because mixing processes are affected by boundary conditions, quantitative descriptions of the turbulent mixing field can provide insight regarding otherwise unknown upstream parameters, such as the conditions under which one fluid enters another. We may therefore ask why the mixing patterns differ between shallow and deep discharge. Our a priori knowledge of the entrance conditions provides a means of evaluating our conclusions. We consider both discharge conditions to be wall-attached jets using the criteria described by Jones et al. [2007] . Those criteria also suggest that the plumes are likely bottom-attached during both discharge conditions, that attachment occurs downstream of the field of view.
[53] Shallow discharge is marked by intense mixing on either side of a high-temperature region that extends downstream from the inlet pipe for ∼25 cm. Average velocity fields indicate the highest velocities occur in a region extending downstream from that structure near the inlet and the streamwise velocities have approximately Gaussian variation in the cross-stream direction. The average vorticity and Reynolds stress fields indicate regions of anticlockwise and clockwise rotation on the left and right sides of the plume, respectively. Those regions increase in width with downstream distance and indicate that most turbulence results from the jet-like discharge of the hot spring water. Mixing begins at the interface between the two fluids where vortices are generated by shear ( Figure 20) . As those structures move downstream and mix the two fluids, the vortices grow inward toward the jet core and outward into the stream, resulting in a mixing plume that widens downstream. The shallow discharge plume is asymmetrical because slower currents along the right side of the stream cannot adequately supply the entrainment demand of the jet, resulting in development of a recirculation bubble and wall attachment [Jirka, 2007] . Additional mixing occurs vertically between the plume and underlying stream, as evidenced by the crossstream oriented upwelling and downwelling structures, but within the field of view vertical mixing is comparatively minor.
[54] Deep discharge is marked by an apparent point source on the stream surface. Correlation length scales of the temperature field show that the rising hot water forms a ∼15 cm structure and is advected through the field of view as a buoyant plume (Figure 20) . The average temperature of the deep plume is lower than that of the shallow jet because ∼25% mixing occurs before the plume surfaces; assuming that it takes the discharging water 2 s to travel from the source to the surface, the average mixing intensity during that interval is ∼0.125 s −1 . Because the hot spring water is discharged at the streambed, some interaction with the bed may occur, generating turbulence and facilitating mixing during ascent to the surface. Through most of the field of view, however, the plume occupies the upper few centimeters of the stream column, interactions with the bed are considered unlikely, and vertical mixing is likely minor. The most intense temperature variations occur along the upstream and left margins of this point source as the position of its boundaries fluctuates and expand against the mean stream flow; this asymmetry results from faster currents along the left side of the plume and development of shoreline attachment along the right side [Jirka, 2007] . Mixing occurs primarily along the left side of the plume, but the widths of the mixing regions do not greatly increase with downstream distance.
[55] Comparison of mixing and mixing intensities between the two systems shows that mixing is more efficient in the shallow system than in the deep. Interestingly, although the mixing intensities are comparable near the discharge pipe, >0.1 s −1 , they decay rapidly once the deep discharge plume reaches the surface. This result supports previous work showing that when a buoyant plume reaches the surface, buoyancy no longer acts to enhance mixing and instead suppresses mixing as the plume spreads laterally [e.g., Jones et al., 2007] .
Application to Other Systems
[56] Our work demonstrates techniques for using thermal infrared video to quantify turbulent mixing processes, and shows how instantaneous velocity fields may be extracted from thermal infrared data.
Correlations of temperature and velocity through space and time describe important structures within the turbulent flows and the timescales over which those structures persist. The temperature and velocity fields can also be processed to quantify parameters such as vorticity, Reynolds stress, and eddy diffusivity through time and space.
[57] Studying mixing at a liquid-gas interface is uniquely suited to the analysis presented in this paper, because the vertical component of velocity at that interface is known to be zero, thus studies of industrial discharge or small-scale coastal mixing processes could be improved upon [e.g., Chen and MacDonald, 2006] . Many of the methods we describe can, however, be applied to other, threedimensional, geophysical processes. Calculation of autocorrelation timescales for laboratory density currents and rising plumes suggests important relationships between eddies, air entrainment, and sedimentation in volcanic processes [Andrews and Manga, 2010] . Estimation of the thermal eddy diffusivity from infrared video of volcanic plumes could improve our understanding of eruption columns, their thermal structure, and controls on eruption behavior [Patrick, 2007] . 
